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INTRODUCTION 
Trastuzumab is a drug which specifically targets HER2, an oncogene product overexpressed in a subset of 
breast cancers (1).  Trastuzumab has been hailed for its specificity in targeting HER2 overexpressing cancer 
cells in contrast to standard chemotherapy regimens which target rapidly dividing cells and cause major side 
effects in treated patients.  However, Trastuzumab only works in a third of patients with HER2 overexpressing 
breast cancer and has mild adverse side effects in 40% of patients and major adverse side effects in 5% of 
patients (2).  Therefore, fully understanding the biology of Trastuzumab is important in order to identify 
patients who will respond to Trastuzumab therapy and to design combinations of therapies that will result in 
more patients responding.  The proposed study seeks to understand one of the signaling pathways affected by 
cells treated with Trastuzumab: the Akt pathway, which is known to mediate cell survival (3-5).  Trastuzumab 
has been shown to cause cell cycle arrest in HER2 overexpressing cells (6) and sometimes induce apoptosis (6, 
7).  However, HER2 overexpressing cells can become resistant to Trastuzumab if Akt is not downregulated (8, 
9).  The approved study seeks to understand whether downregulation of Akt by Trastuzumab induces apoptosis, 
and if so, which molecules downstream of Akt action are necessary targets of Trastuzumab action. 
 
BODY 
Aim 1:  The first aim of this proposal was to assess the effectiveness of Trastuzumab at inducing cell death in 
cultured breast cancer cells which overexpress HER2.  Secondarily, this aim sought to address whether 
expression of constitutively active Myr-Akt1 would lead to Trastuzumab resistance. 
 Two human breast cancer cell lines, SKBr3 and BT474, both of which overexpress HER2 and are 
sensitive to Trastuzumab (9) were obtained from the ATCC.  These cell lines were compared to two other 
human breast cancer cell lines which do not overexpress HER2: MDA231 and T47D.  All cell lines were 
maintained in complete media (DMEM containing 10% FBS, 0.1 mM non-essential amino acids and 40 ng/ml 
insulin).  Parallel cell monolayers were grown to near confluence and one dish was treated with 10 µg/ml 
Trastuzumab in complete media while the other was left untreated.  Cells were incubated overnight and cell 
lysates were harvested 18 hours after treatment and then subjected to immunoblot analysis.   

 
 Previous reports have shown downregulation of HER2 after Trastuzumab treatment (10), but this has 
been disputed (6, 11).  Our data indicates Trastuzumab does not regulate HER2 in the two cell lines which 
clearly overexpress HER2: SKBr3 and BT474 (Figure 1).  MDA231 and T47D do not overexpress HER2 
(Figure 1) and do not respond to trastuzumab.  The decrease in HER2 expression after trastuzumab treatment in 
MDA231 and T47D cells (Figure 1) is likely inconsequential because HER2 is not overexpressed and HER2 is 
not responsible for tumorigenesis in these cell lines.  EGFR and HER3, two other members of the EGFR family 
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were also examined, and were also unaffected by Trastuzumab treatment.  Trastuzumab does inhibit activation 
of Akt as seen by a decrease in Akt phosphorylation at Serine 473 after trastuzumab treatment in the two HER2 
overexpressing cell lines, but not in the other two cell lines (Figure 1).  Total levels of Akt and PTEN, a 
negative regulator of Akt activation, are not affected by trastuzumab treatment (Figure 1).  This supports the 
hypothesis that downregulation of Akt by Trastuzumab in HER2 overexpressing cells could lead to activation of 
pro-apoptotic molecules normally regulated by Akt.  Apoptosis was examined by probing for PARP, a substrate 
of caspases and thus a marker of apoptosis.  BT474 cells demonstrate an increase in apoptosis (marked by 
increased level of cleaved PARP) after trastuzumab treatment, but trastuzumab treatment does not lead to 
apoptosis in SKBr3 cells (Figure 1).  Thus, downregulation of Akt activation by trastuzumab in SKBr3 cells is 
not sufficient to cause apoptosis, but trastuzumab does cause an increase in apoptosis in BT474 cells.  
 The lack of induction of apoptosis in SKBr3 cells and the modest induction of apoptosis in BT474 cells 
after Trastuzumab treatment indicate that apoptosis may not be a major effect of Trastuzumab, at least in 
cultured cell.  Perhaps Trastuzumab induction of cell cycle arrest is more important to its anti-tumor effects (11) 
than induction of apoptosis.  Alternatively, apoptosis may occur in vivo, in the context of an immune system 
and a tumor microenvironment, but not in cell culture.  The second part of this aim sought to examine whether 
constitutively active Myr-Akt1 could rescue Trastuzumab induction of apoptosis, but this was not examined 
since Trastuzumab failed to induce apoptosis robustly.  Other groups have demonstrated that activation of Akt 
causes Trastuzumab resistance (11, 12), but this is likely via affects other than apoptosis.  
 
Aim 2:  The second aim of this proposal was to determine substrates downstream of Akt critical to 
Trastuzumab-induced apoptosis. 
 Lysates of cells treated 18 hours with 10 µg/ml Trastuzumab or lysates from untreated cells were used to 
examine the status of a few pro-apoptotic Akt substrates.  FKHR is a transcription factor which is responsible 
for transcription of genes involved in cell cycle arrest and apoptosis (4).  Akt phosphorylation of FKHR causes 
its transport out of the nucleus which attenuates transcription of pro-apoptotic and cell cycle arrest genes.  
Therefore, the phosphorylation status of FKHR was examined by immunoblot using a phospho-specific 
antibody which recognizes FKHR which has been phosphorylated by Akt.  Trastuzumab down-regulation of 
Akt would be expected to cause a decrease in FKHR phosphorylation if FKHR is indeed a substrate in HER2 
overexpressing breast cancer cells.  However, Trastuzumab caused no difference in the phosphorylation of 
FKHR (Figure 2A).  FKHR subcellular localization in BT474 cells was also examined before and after 
trastuzumab treatment, but FKHR appeared to be mostly nuclear (in the same fraction enriched for Lamin B), 
regardless of treatment (Figure 2B).  Bad is another pro-apoptotic substrate of Akt and is eventually degraded 
after phosphorylation by Akt (3).  Bad was also evaluated by immunoblot, but no differences were detected 
between control lysates and lysates from Trastuzumab treated cells (Figure 2A and data not shown).  
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 Trastuzumab was not efficiently inducing apoptosis in HER2 overexpressing breast cancer cells and the 
few pro-apoptotic substrates of Akt which were examined were also not being affected by Trastuzumab.  
Therefore, studies of Trastuzumab induction of apoptosis and further identification of pro-apoptotic Akt 
substrates downstream of Trastuzumab treatment were halted.  However, identification of other important 
downstream affects of Akt inactivation following Trastuzumab treatment were pursued. 
 Akt has been shown to induce aerobic glycolysis in models of hematopoetic malignancies, partly via 
activation of the GLUT1 glucose transporter (13, 14).  Additionally, it has been shown that HER2 
overexpressing cancers stabilize HIF (hypoxia inducible factor) even in the absence of hypoxia, and HIF 
activates GLUT1 transcription (15, 16).  Therefore, we wanted to test whether Trastuzumab had an affect on 
GLUT1 expression in both normoxic conditions and in the CoCl2 model of hypoxia which stabilizes the HIF 
complex similar to hypoxia.  BT474 were left untreated, treated with 100 µM CoCl2, treated with 10 µg/ml 
Trastuzumab, or treated with both 100 µM CoCl2 and 10 µg/ml Trastuzumab and incubated overnight.  CoCl2 
clearly activated GLUT1 expression (Figure 3A, compare lane 1 to lane 3) while Trastuzumab alone slightly 
decreased GLUT1 expression (Figure 3A, compare lane 1 to lane 2).  Additionally, Trastuzumab attenuated the 
CoCl2 activation of GLUT1 (Figure 3A, compare lane 3 to lane 4).  To investigate whether the trastuzumab 
affect on GLUT1 expression could be though Akt, a PI3K inhibitor, LY294002 (LY), was used to investigate 
whether inhibition of PI3K and Akt would recapitulate the results observed with Trastuzumab.  SKBr3 and 
BT474 cells were left untreated or treated with 25 µM LY, 10 µg/ml Trastuzumab, 100 µM CoCl2, both 25 µM 
LY and 100 µM CoCl2, or both 10 µg/ml Trastuzumab and 100 µM CoCl2 and incubated overnight.  In both 
cell types, Akt was inactivated completely by LY and was partially inhibited by Trastuzumab while CoCl2 
treatment alone had no effect on Akt (Figure 3B and 3C).  In SKBr3 cells, Trastuzumab and LY had no effect 
on basal GLUT1 levels, but both drugs inhibited the increase in GLUT1 seen after CoCl2 treatment (Figure 3B).  
The inhibition was not complete because GLUT1 levels are still higher in drug plus CoCl2 treated samples than 
the basal level seen without CoCl2.  This suggests that the increase in GLUT1 after CoCl2 treatment requires 
PI3K or Akt, which are inhibited by LY and Trastuzumab.  In BT474 cells, treatment with LY reduced the basal 
level of GLUT1 and also inhibited the CoCl2 activation of GLUT1 (Figure 3C).  Trastuzumab had a similar, but 
less pronounced affect as LY.  The observation that LY strongly inhibits Akt activation and also strongly 
reduces GLUT1 (both with and without CoCl2 treatment) and that Trastuzumab moderately inhibits Akt 
activation and moderately reduces GLUT1 activation by CoCl2 suggests that Trastuzumab inactivation of Akt 
may be responsible for the decreased level of GLUT1.  These results also indicate Trastuzumab may affect the 
metabolism of cancer cells in addition to its affects on cell cycle and cell signaling. 
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KEY RESEARCH ACCOMPLISHMENTS 
• Trastuzumab inhibits Akt activity in HER2 overexpressing breast cancer cell lines 
• Inhibition of Akt activity by Trastuzumab fails to upregulate two pro-apoptotic substrates of Akt: FKHR 

and Bad 
• Trastuzumab does not robustly induce apoptosis in vitro 
• Trastuzumab inhibits the expression of GLUT1 and cobalt-induced increase in GLUT1 expression in a 

manner similar to inhibition of PI3K/Akt 
• Expression of EGFR family members, including HER2, is the same before and after Trastuzumab 

treatment 
 
REPORTABLE OUTCOMES 

• This work has been presented at the UCHSC Pathology Department Research in Progress Seminar 
 
CONCLUSIONS 
 Using two HER2 overexpressing human breast cancer cell lines, SKBr3 and BT474, we demonstrated 
inactivation of Akt by Trastuzumab.  However, inactivation of Akt failed to induce apoptosis in these cell lines.  
In agreement, Trastuzumab failed to upregulate two important pro-apoptotic substrates of Akt, Bad and FKHR.  
Additionally, the expression of HER2 and the other receptors of the EGFR family was similar before and after 
Trastuzumab treatment.  Trastuzumab decreased the expression of the GLUT1 glucose transporter and also 
inhibited its cobalt-dependent increase in expression similar to inhibition of the PI3K/Akt pathway.  This 
suggests the inhibition of Akt by Trastuzumab may be responsible for the reduced GLUT1 expression.  The 
subcellular localization of GLUT1 before and after Trastuzumab treatment remains to be determined, but would 
be interesting to note because plasma membrane localization of GLUT1 is an important route for glucose import 
in cancer cells which perform excessive glycolysis.  Thus, while Trastuzumab does not seem to induce 
apoptosis, it may effect the metabolic needs of cancer cells via down regulation of GLUT1 and it does inhibit 
activation of Akt which others have shown causes growth arrest and sensitizes cancer cells to other drugs (11, 
12).  Continued research to better understand how Trastuzumab functions and how it can best be used to treat 
breast cancer with maximum efficacy and minimum side effects is an important and currently active area of 
research. 
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